Introduction {#S0001}
============

Cysteine residues play a unique and essential role in protein structure, function, and stability. In extracellular and secreted proteins, disulfide bonds between cysteine residues provide important scaffolding that allows proteins to achieve and maintain their three-dimensional structure. There have been numerous efforts to map the disulfide bonds in proteins in order to gain insight into protein architecture and to detect aberrant disulfide bonding in recombinant proteins.^[1](#CIT0001),[2](#CIT0002)^ Less focus has been directed towards free sulfhydryls in recombinant proteins (cysteine residues that are not involved in a disulfide bond), although there is increasing evidence to indicate that free sulfhydryls are directly related to protein stability, aggregation and affinity.^[3](#CIT0003)--[7](#CIT0007)^

Immunoglobulins, also known as antibodies, are one of the most commonly produced recombinant proteins due to their important role as biotherapeutics.^[8](#CIT0008)^ The disulfide bonding patterns of immunoglobulins are well conserved,^[9](#CIT0009)^ and non-canonical cysteines rarely arise naturally in immunoglobulins, even in the variable regions.^[5](#CIT0005)^ However, free sulfhydryls have been detected in immunoglobulins extracted from serum or produced recombinantly.^[3](#CIT0003),[6](#CIT0006),[9](#CIT0009)--[17](#CIT0017)^ Reduced disulfide bonds can result from multiple causes, including incomplete processing within host cells, especially under conditions of cellular stress,^[18](#CIT0018)^ or reduction by intra-cellular host proteins such as thioredoxin and thioredoxin reductase during the harvest and purification of recombinant antibodies.^[19](#CIT0019),[20](#CIT0020)^ Free sulfhydryls in a monoclonal antibody resulting from a reduced disulfide bond may have an effect on affinity,^[3](#CIT0003)^ increase the propensity of the antibody towards aggregation^[4](#CIT0004),[5](#CIT0005),[7](#CIT0007)^ or decrease the antibody thermal stability.^[6](#CIT0006)^ For these reasons, it is important to monitor and minimize the free sulfhydryl levels of monoclonal antibodies. There is no established acceptable level for free sulfhydryls in monoclonal antibodies and free sulfhydryl tolerance is likely antibody dependent. Additionally, in some cases, non-canonical cysteines are intentionally designed into an immunoglobulin in order to increase thermal stability through the formation of additional disulfide bonds^[21](#CIT0021)^ or to provide handles for drug conjugation.^[22](#CIT0022)^ In these cases, it is important to monitor the status of the sulfhydryls to determine if the added cysteines are forming disulfide bonds or remaining free for conjugation, as intended.

Several spectroscopy-based methods have been developed for measuring free sulfhydryls. The best known is the Ellman's reagent method in which 5,5ʹ-dithio-bis-(2-nitrobenzoic acid) (DTNB) is reacted with free sulfhydryl groups to form quantifiable, yellow-colored 2-nitro-5-thiobenzoic acid (TNB).^[23](#CIT0023)^ The low sensitivity of Ellman's reagent, however, makes it impractical for the detection of free sulfhydryls in recombinant antibodies, especially during early development when only small amounts of antibodies typically are available. Some improvements in the sensitivity of this method were gained through the use of enzymatic amplification.^[24](#CIT0024)^ The use of fluorescent labels, such as N-(1-pyrenyl)maleimide, has significantly improved the sensitivity of spectroscopic free sulfhydryl detection.^[25](#CIT0025)^ However, all spectroscopy-based methods have the inherent disadvantage that they only measure the overall free sulfhydryl content of a sample, and cannot provide data on the location or distribution of free sulfhydryls within proteins. Furthermore, they are sensitive to contaminants such as thiol-containing small molecules.

Mass spectrometry (MS) is well suited for the detection of free sulfhydryls and can provide useful data about free sulfhydryl abundance, location, and distribution. The reduction of a disulfide bond increases the mass of a protein by 2 Da, which, for small proteins, can be detected by high-resolution intact mass analysis. For example, MS has been used to identify NIST mAb Fab and Fc/2 fragments with free sulfhydryls after separation using a diphenyl column.^[26](#CIT0026)^ However, small increases in protein mass are not reliable indicators of free sulfhydryls because other post-translational modifications, such as deamidation and citrullination, increase the protein mass by a similar amount. Additionally, small mass shifts are more difficult to detect for larger proteins, such as intact antibodies. Therefore, a labeling strategy that clearly identifies the free sulfhydryl is usually the preferred choice. Most commonly, haloalkyl derivatives (such as iodoacetamide or iodoacetic acid)^[14](#CIT0014),[27](#CIT0027)^ or maleimide derivatives (such as N-ethylmaleimide (NEM) or N-*tert*-butylmaleimide)^[13](#CIT0013),[28](#CIT0028)^ have been used to label-free sulfhydryls. Maleimide labels have the advantage of being reactive at acidic pH, thus reducing the risk of disulfide bond scrambling during labeling, which can occur at higher pH.^[29](#CIT0029)^ MS following protein digestion and reverse-phase high-performance liquid chromatography (RP-HPLC) has been used to identify free sulfhydryl location at peptide-level resolution.^[17](#CIT0017)^ Quantification of the abundance of free sulfhydryls at different sites has been demonstrated using differential labeling where free sulfhydryls were first labeled with^[12](#CIT0012)^C-iodoacetic acid at pH 8, then the remaining cysteines were labeled with^[13](#CIT0013)^C-iodoacetic acid after reduction.^[27](#CIT0027)^ However, labeling with iodoacetic acid at pH 8 comes with a high risk of disulfide bond scrambling. To our knowledge, differential labeling and quantification of free sulfhydryls at different sites using a maleimide derivative and acidic pH have not been previously published.

This paper describes a strategy for quantitatively determining the overall free sulfhydryl level of proteins using intact protein LC-MS and the relative abundance of free sulfhydryl at individual cysteine residues using peptide-level nanoLC-MS analysis. The free sulfhydryls are labeled with NEM derivatives under acidic conditions in order to minimize the possibility of disulfide bond scrambling or non-specific labeling. Importantly, only a small amount of protein is required for the entire assay, i.e., as little as 40 µg intact protein for determining total free sulfhydryl abundance and an additional 40 µg protein for determining free sulfhydryl location and abundance at the peptide level resolution by nanoLC-MS. Therefore, this workflow is suitable for free sulfhydryl detection and quantification during biotherapeutic development where protein quantities are limited.

Results {#S0002}
=======

Detection of free sulfhydryls in intact protein {#S0002-S2001}
-----------------------------------------------

To evaluate this workflow for free sulfhydryls detection, we used a set of four standard proteins: a model small protein with one known free sulfhydryl (β-lactoglobulin A) and three commercially available antibody standards (NIST Monoclonal Antibody Reference Material (NIST), SILu™Lite SigmaMAb Universal Antibody Standard (Sigma-Aldrich) and Intact mAb Mass Check Standard (Waters), which are hereafter referred to as "NIST mAb", "SigmaMAb", and "Waters mAb", respectively). SigmaMAb has a non-canonical cysteine in the light chain located immediately adjacent to a canonical cysteine (Cys 90/Cys 91) and was hypothesized to have two free sulfhydryls per protein. Each of these proteins was labeled with maleimide-PEG~2~-biotin at pH 5.5, according to the optimized labeling protocol, and analyzed by LC-MS intact and following reduction with TCEP. To measure the intermediate precision of the assay, the assay was repeated in triplicate on three different days. Maleimide-PEG~2~-biotin labeling could be clearly detected on each protein at levels that varied based on the protein. The maleimide-PEG~2~-biotin label adds a mass of 525 Da to each free sulfhydryl. The known free sulfhydryl of β-lactoglobulin A was completely labeled with maleimide-PEG~2~-biotin ([Figure 1a](#F0001)) as seen by a protein mass shift of 525 Da. For NIST mAb ([Figure 1b](#F0001)) and Waters mAb ([Figure 1c](#F0001)), a mass was observed at approximately 1050 Da greater than the mass of unlabeled immunoglobulin, consistent with the addition of two maleimide labels over one reduced disulfide bond in a minority of the molecules. SigmaMAb ([Figure 1d](#F0001)) was fully labeled with two maleimide labels, with partial labeling with an additional two maleimide labels. The reduced protein results indicate that the maleimide label is added on both the light and heavy chains of NIST mAb ([Figure 1](#F0001), insert ii and iii), while for Waters mAb, the maleimide label is located mostly on the heavy chain ([Figure 1](#F0001), insert iv and v). The results for SigmaMAb indicate complete addition of one label to each light chain and partial addition of a label to the heavy chain ([Figure 1](#F0001), insert vi and vii). To quantify these results, the "mol SH per mol protein (or chain)" was calculated for the intact protein and each reduced chain ([Table 1](#T0001)). When the "mol SH per mol protein" for the intact protein was compared to the sum of the "mol SH per mol chain" for each reduced chain, the agreement was very good for SigmaMAb, while for NIST mAb and Waters mAb, the sum of labeling on each reduced chain was slightly greater than the labeling calculated for the intact protein. The low level of labeling detected for these antibodies may have increased the error in the measurement.10.1080/19420862.2019.1595307-T0001Table 1.Number of maleimide-PEG~2~-biotin labels observed on each protein or reduced protein chain by mass spectrometry and comparison of overall "mol SH per mol protein" calculated by mass spectrometry or by papain-amplified colorimetric assay. Mass spectrometry results are averages of triplicate analyses and "mol SH per mol protein" is calculated by the equation ∑*n*\*(Fraction of protein with *n* labels). The colorimetric assay results are from the average absorbance at 410 nm of single samples of papain-SSCH3 and BAPNA-treated protein analyzed twice. The "mol SH per mol protein" is reported either directly calculated from the L-cysteine standard curve or after correction relative to the "mol SH per mol protein" observed for β-lactoglobulin A (mol SH per mol protein for β-lactoglobulin A = 1). **Percentage MS Protein Signalmol SH per mol ProteinProtein**      **By Colormetric Assay** **0 Labels1 Label2 Labels3 Labels4 LabelsBy MS Assay (stdev)L-cysteine Standard CurveRelative to**\
**β-lactoglobulin A**SigmaMAb1.50.088.80.09.72.16 (0.02)1.52.2*SigmaMAb HC94.00.55.50.00.00.11 (0.01)*----*SigmaMAb LC0.599.50.00.00.01.00 (0.00)*----NIST mAb90.50.09.50.00.00.19 (0.01)0.30.4*NIST mAb HC95.30.24.50.00.00.09 (0.01)*----*NIST mAb LC95.70.04.30.00.00.09 (0.02)*----Waters mAb92.20.07.70.00.10.16 (0.03)0.10.1*Waters mAb HC93.00.07.00.00.00.14 (0.05)*----*Waters mAb LC99.80.00.20.00.00.004 (0.00)*----β-lactoglobulin A0.099.80.00.20.01.00 (0.01)0.71.0*β-lactoglobulin A*\
*Reduced3.896.10.00.10.00.96 (0.01)*---- 10.1080/19420862.2019.1595307-F0001Figure 1.Deconvoluted mass spectra for intact β-lactoglobulin A **(a)**, NIST mAb **(b)**, Waters mAb **(c)** and SigmaMAb **(d)** before **(blue trace)** and after **(black trace)** labeling of free sulfhydryls with maleimide-PEG~2~-biotin. Each maleimide-PEG~2~-biotin label addition increases the mass by 525 Da. Inserts show the deconvoluted mass spectra after reduction for the entire reduced protein **(Insert i**), the light chain **(Insert ii, iv and vi)** and the heavy chain **(Insert iii, v and vii).**

Interestingly, despite the common assertion that cysteine-maleimide labeling is stable and that maleimide does not react with TCEP,^[30](#CIT0030)^ slightly less maleimide label was observed on β-lactoglobulin A following reduction than before reduction ([Figure 1](#F0001), insert i). A series of experiments were conducted where labeled β-lactoglobulin A was treated with TCEP at various temperatures, concentrations or incubation lengths. Under all conditions, if the disulfide bonds were effectively reduced, \~5% maleimide label loss was observed (Supplementary Table S1).

A standard curve was prepared to estimate the limit of detection for maleimide-PEG~2~-biotin label on an intact antibody and the accuracy of quantifying the total amount of free sulfhydryls from intact protein data (Supplementary Figure S1). Unlabeled SigmaMAb (0% with two maleimide labels) and labeled SigmaMAb (98% with two or four maleimide labels) were mixed in set ratios and analyzed by intact protein MS. Labeled SigmaMAb could be easily detected in mixes containing as little as 2% (the lowest percentage of labeled antibody tested), indicating that the limit of detection is ≤2% (Supplementary Figure S1B). A free sulfhydryl level of 2% is equivalent to 0.02 mol SH per mol protein. The linearity of the signal was very good across the entire range with a R^2^ value of 0.9984 and a slope of 0.96. These results indicate that maleimide-PEG~2~-biotin labeling likely does not affect the ionization efficiency of a large protein by electrospray ionization MS, and that labeled and unlabeled forms can be directly compared.

Detection of free sulfhydryls at peptide-level resolution {#S0002-S2002}
---------------------------------------------------------

We developed a protocol for the differential labeling of free sulfhydryls and cysteines involved in disulfide bonds that can be used to determine the location and relative abundance of free sulfhydryls in proteins. The labeling reagents, d~0~-NEM and d~5~-NEM, increase the mass of a labeled cysteine by 125 Da or 130 Da, respectively. After protein enzymatic digestion, the labeled peptides can be detected using nanoLC-MS. For most analyses, it is beneficial to label the generally low abundant free sulfhydryl cysteines with d~0~-NEM and the high abundant disulfide-bonded cysteines with d~5~-NEM in order to avoid overlap between the two isotopic profiles. In this way, low levels of d~0~-NEM free sulfhydryl labeling can be detected easily ([Figure 2](#F0002)), and d~0~-NEM and d~5~-NEM-labeled peptide forms can be quantified on the basis of MS signal intensity.10.1080/19420862.2019.1595307-F0002Figure 2.Example of a mass spectrum observed for a peptide with a relatively high free sulfhydryl abundance (percentage d~0~-NEM labeling = \~12%) **(a)** and for a peptide with a low free sulfhydryl abundance (percentage d~0~-NEM labeling = \~1.5%) **(b)**. In both cases, the d~0~-NEM labeled peptide can be clearly distinguished from the d~5~-NEM labeled peptide (mass difference = 5 Da). The peptides shown are SigmaMAb peptides SGNTASLTISGLQAEDEADYYCCSYAGDYTPGVVFGGGTK **(a)** and STSGGTAALGCLVK **(b)**. Panel B is zoomed eightfold as the intensity for the d~0~-NEM labeled peptide is low relative to the d~5~-NEM labeled peptide.

To determine the accuracy of this method for the quantification of free sulfhydryl abundance on individual peptides, reduced SigmaMAb labeled with d~0~-NEM only and reduced SigmaMAb labeled with d~5~-NEM only were mixed in a defined series of ratios, digested with trypsin and then analyzed by nanoLC-MS/MS. After filtering the data to remove low abundant peptides and peptides with interfering co-eluting peaks (as described in Methods), 19 cysteine-containing peptides, covering 16 of the SigmaMAb's 17 unique cysteine residues, were confidently detected. The cysteine not detected (Cys 204 or "C4") was located on a very large tryptic peptide that was not observed during LC-MS/MS (Supplementary Figure S2A). The proportion of d~0~-NEM labeling observed on each peptide in every mix was plotted (Supplementary Figure S2B). All peptides consistently reflected the expected protein labeling ratio, including the lowest ratio tested of 2% d~0~-NEM-labeled protein. The linear regressions had slopes varying from 0.96 to 1.03. This result confirms that d~0~-NEM and d~5~-NEM-labeled peptides have the same ionizability and can be directly compared by this method. At least 2% d~0~-NEM labeling can be reliably detected for a diverse range of peptides, assuming sufficient signal intensity.

During the preliminary work for the mix tests described above, we noted that some NEM exchange and hydrolysis occurred after tryptic digestion. In initial experiments, after mixing d~0~-NEM and d~5~-NEM labeled SigmaMAb, the pH was raised from 5.0 to 8.0 for the overnight trypsin digestion. For peptides with a single cysteine residue, the ratio of d~0~-NEM to d~5~-NEM labeled peptide observed was as expected. However, peptides containing two cysteines were detected with two d~0~-NEM labels, two d~5~-NEM labels or one d~0~-NEM and one d~5~-NEM label. This latter combination should not have been possible from the experiment design and can only be explained by maleimide exchange occurring after mixing of the labeled stocks. The experiment was repeated with trypsin digestion occurring at either pH 8, 7, or 6. The mass spectrum for a peptide containing two cysteines is shown in [Figure 3](#F0003). Peptide labeled with both a d~0~-NEM and a d~5~-NEM label (due to maleimide exchange), as well as evidence for maleimide hydrolysis (mass increase of 18 Da), was only observed in the pH 8 digest. Therefore, the digestion was carried out at pH 7 for the mix tests and the optimized protocol to minimize maleimide exchange.10.1080/19420862.2019.1595307-F0003Figure 3.SigmaMAb with all cysteines labeled with d~0~-NEM was mixed 1:1 with SigmaMAb with all cysteines labeled with d~5~-NEM, prior to the pH being raised for overnight tryptic digestion. The mass spectrum for peptide THTCPPCPAPELLGGPSVFLFPPKPK is shown after tryptic digestion at pH 8 **(a)**, pH 7 **(b)** or pH 6 **(c)**. Peptide labeled with 2 d~0~-NEM or 2 d~5~-NEM was observed under all digestion conditions. Peptide labeled with 1 d~0~-NEM and 1 d~5~-NEM **(\*)**, indicative of maleimide exchange, was only observed when the digestion was carried out at pH 8. A mass increase of 18 Da **(●)**, indicative of maleimide hydrolysis, was also observed when the digestion was carried out at pH 8.

The relative abundance of free sulfhydryls at individual cysteine residues was measured in triplicate digests of the four test proteins ([Figure 4](#F0004), Supplementary Table S2). Some free sulfhydryl was observed at nearly all cysteines covered by the protein digests, although the levels were very low (\<2%) for most cysteines in the three immunoglobulins. For peptides containing multiple cysteines, such as the hinge cysteines, the free sulfhydryl abundance could only be determined for the peptide as a whole, and not for the individual cysteine residues. Cysteines that are canonically disulfide bonded to each other tended to have similar free sulfhydryl abundances. The hinge cysteines and the cysteines linking the light and heavy chains had particularly low free sulfhydryl levels, as might be expected given the structural importance of these disulfide bonds. Interestingly, the primary free sulfhydryl site on the SigmaMAb antibody was determined to be light chain Cys 22 (\~67%), while Cys 90/Cys 91 (the site of the additional non-canonical cysteine) was significantly less free (\~20%). Evidence for a disulfide bond between Cys 90 and Cys 91 was observed previously during disulfide bond mapping of SigmaMAb (Supplementary Figure S3). The free sulfhydryl of β-lactoglobulin A was determined to be located on the peptide including Cys 106, Cys 119, and Cys 121 in \~88% of the proteins, but, due to the limitation of tryptic digestion, the extent of labeling at each of these cysteines residues could not be determined.10.1080/19420862.2019.1595307-F0004Figure 4.Color-coded map of the observed free sulfhydryl abundance for each cysteine of SigmaMAb **(a)**, NIST mAb **(b)**, Waters mAb **(c)** and β-lactoglobulin A **(d)**. Cysteines are colored based on the average percentage of peptides observed labeled with d~0~-NEM, from triplicate analysis (detailed data provided in Supplemental Table S2). Adjacent cysteines that could not be discriminated because they were only observed on the same tryptic peptide are outlined with a box and color-coded with the overall free sulfhydryl abundance of the peptide containing the multiple cysteines. Canonical immunoglobulin disulfide bonds are indicated with lines connecting cysteines. Cysteines involved in the interchain hinge are indicated with a bracket.

Comparison with spectroscopic methods for free sulfhydryl measurement {#S0002-S2003}
---------------------------------------------------------------------

Comparison of this assay to published spectroscopic assays proved to be challenging due to numerous problems encountered with the spectroscopic assays. Use of Ellman's reagent (5,5ʹ-dithiobis-(2-nitrobenzoic acid)) is the classic colorimetric assay for the measurement of thiols in small molecules or bulk serum-derived immunoglobulin.^[23](#CIT0023)^ However, this assay has poor sensitivity, and the large amount of protein required made it impractical for analysis of the three test immunoglobulins. Instead, we explored alternative spectroscopic assays for free sulfhydryl analysis.

First, we tested the Thiol Detection Assay Kit (Cayman Chemical). This kit labels free sulfhydryls with a proprietary label for fluorescent detection. Using the recommended N-acetyl-L-cysteine standard curve, this kit significantly underestimated the free sulfhydryls in our test proteins (for example, "mol free SH per mol protein" calculated for β-lactoglobulin A was \~0.2, not 1.0 as predicted). Better results for the test mAbs were obtained using a standard curve of β-lactoglobulin A (assuming 1 mol SH per mol β-lactoglobulin A), but the slope of the standard curve was very shallow and consistent results could not be attained (data not shown).

Next, we investigated the N-(1-pyrenyl)maleimide (NPM) fluorescence method used by other groups for free sulfhydryl analysis of antibodies.^[6](#CIT0006),[10](#CIT0010)^ NPM labels free sulfhydryls through maleimide chemistry and only fluoresces when reacted with a -SH group.^[31](#CIT0031)^ Learning from the difficulties encountered with the Thiol Detection Assay Kit, several molecules with a single free sulfhydryl were investigated as suitable standards: N-acetyl-L-cysteine, β-lactoglobulin A and bovine serum albumin (BSA). The standard curves for all three standards were linear but varied greatly in slope (Supplementary Figure S4). The BSA standard curve provided the estimate of free sulfhydryl abundance that best agreed with the MS results for SigmaMAb and for Waters mAb, but over-estimated the free sulfhydryl abundance for β-lactoglobulin A by \~75% and for NIST mAb by \~100%. We hypothesized that the dramatic differences between the standard curves were due to protein local environment influencing fluorescence. In an attempt to disrupt the protein local environment and collapse the standard curves into one universal standard curve, the NPM-treated standard curve proteins were treated with pepsin. However, while pepsin treatment did change the slope of the standard curves, it failed to equalize the standard curves.

Finally, the colorimetric Thiol and Sulfide Quantification kit (Molecular Probes) was investigated as an alternative to the fluorescence-based assays. This enzyme-amplified method measures the abundance of free sulfhydryls by exploiting them to activate papain-SSCH3, through an intermediate cystamine, which in turn cleaves *N*~α~-benzoyl-L-arginine 4-nitroanilide hydrochloride (L-BAPNA) into colored p-nitroaniline. This method is claimed to be 100x more sensitive than the Ellman's reagent method.^[32](#CIT0032)^ Nevertheless, the signal-to-noise ratio at the microplate scale was too small to produce reliable data. Despite this assay being based on enzyme activation, increasing incubation time did not increase signal (Supplementary Figure 5A). Production of p-nitroaniline halted after \~20-min incubation of free sulfhydryls with papain-SSCH3 at room temperature, regardless of starting free sulfhydryl concentration. Better signal-to-noise ratio was attained by repeating the assay at a larger volume (400 µL versus 206 µL). An L-cysteine standard curve generated using the modified papain-SSCH3 assay consistently underestimated the free sulfhydryl ratio of our test proteins by approximately 30% (Supplementary Figure 5B, [Table 1](#T0001)). However, when "mol SH per mol protein" was normalized using a "mol SH per mol protein = 1" for β-lactoglobulin A, then the spectroscopic results for the other proteins were a better match to the results obtained by MS ([Table 1](#T0001)).

Discussion {#S0003}
==========

The method we described here exploits the resolution and sensitivity of MS in order to detect and quantify free sulfhydryls at the intact protein, the reduced protein chain, and the peptide level. It provides comprehensive information about protein free sulfhydryls whilst using a fraction of the amounts of protein required for most other reported methods. The entire derivatization and analysis protocol at the intact and reduced protein level (including controls) requires only 40 µg of each sample. Peptide-level LC-MS/MS analysis only requires an additional 40 µg of material. In comparison, the Ellman's reagent method often requires low milligrams quantities of monoclonal antibody. Additionally, we found that the NPM fluorescence method required \~170 μg of each mAb and the papain-amplified colorimetric assay required up to \~235 μg of mAb in order for the expected free sulfhydryl abundance to fall within the standard curve. No standard curves are necessary to determine the abundance of free sulfhydryls using this mass-spectrometry-based method as all measurements are relative within the LC-MS spectra. Additionally, all the reagents used in this protocol are commercially available and typical LC-MS conditions were used for the intact mass and peptide LC-MS/MS analysis.

Spectroscopic assays can detect the presence of free sulfhydryls in proteins and, with the use of appropriate standards, can estimate the average mol SH per mol protein. However, as this study has shown, attaining reliable results for a variety of proteins with spectroscopic assays can be challenging. In comparison, our LC-MS protocol can calculate average mol SH per mol protein easily for proteins varying greatly in terms of structure or free sulfhydryls abundance while also providing information about sulfhydryl distribution. This was ably demonstrated using our test proteins, all of which are commercially available and can be used as benchmarking standards across different labs. Furthermore, differential isotopic labeling combined with nanoLC-MS/MS analysis reveals further details about free sulfhydryl location and free sulfhydryl abundance at individual cysteine residues. This level of detail allowed us to identify Cys 22 as the primary free sulfhydryl site on the light chain of SigmaMAb, not, as may have been hypothesized, the non-canonical cysteine located further along the chain. Choice of protease is a factor in the resolution of identifying labeled free sulfhydryls. For β-lactoglobulin A, using trypsin as the protease, the free sulfhydryl was correctly determined to be located at either Cys 106, Cys 119, or Cys 121, but the known free sulfhydryl at Cys 121^[33](#CIT0033)^ could not be pinpointed due to a lack of cleavage sites between these three cysteines and ambiguous MS/MS data. Nevertheless, a comprehensive assessment of the abundance and distribution of free sulfhydryls in a protein to the level attained by this workflow would be very difficult, if not impossible, to complete using most previously reported methods.

The protocol uses low pH conditions to minimize the possibility of disulfide bond scrambling, a phenomenon that is known to occur at neutral to basic pH.^[29](#CIT0029)^ The use of biotin-PEG~2~-maleimide label (+525 Da) for the intact protein analysis, a larger label than what was typically used previously, ensures that the mass of the labeled protein is shifted above the range of most common protein modifications such as oxidation (+16 Da), phosphorylation/sulfation (+80 Da), C-terminal lysine (+128 Da) and glycation (+162 Da). This facilitates the detection of even trace levels of free sulfhydryl. Reducing protein heterogeneity by removing N-linked glycans, though not essential, also aids in the detection of the low level of the label. While this label was primarily selected for its mass, the biotin portion of the label opens up new opportunities for the isolation of free sulfhydryl-containing proteins. In contrast with spectroscopic methods, this LC-MS-based assay is much less sensitive to the presence of contaminating proteins or free sulfhydryl-containing small molecules. In addition, LC-MS is also capable of detecting, based on their characteristic mass shifts, free sulfhydryls that were modified prior to analysis by cysteinylation or glutathionylation.

The results of this study support previous findings that antibodies typically have a low, but non-zero, level of open disulfide bonds. We found the level of free sulfhydryls for NIST mAb and Waters Intact Mass mAb standard to be approximately 0.2 mol free sulfhydryls per mol antibody. Very similar results were reported previously for IgG extracted from serum analyzed using the Ellman's reagent method^[15](#CIT0015)-[17](#CIT0017)^ or using radiolabeling,^[12](#CIT0012)^ as well as for Chinese hamster ovary cell-produced recombinant mAb analyzed using the NPM labeling method.^[10](#CIT0010)^ Previously, the free sulfhydryl levels for NIST mAb Fc/2 and Fab fragments were measured using UV detection of partially reduced isoforms separated on a diphenyl column separation;^[26](#CIT0026)^ the overall free sulfhydryl level of NIST mAb calculated from these values is 0.2 mol SH per mol antibody. Higher levels of free sulfhydryl content, similar to what was observed for SigmaMAb, have been reported previously for particular antibodies such as omalizumab.^[3](#CIT0003),[11](#CIT0011),[16](#CIT0016)^ The location of the reduced disulfide bond is variable, and similar to previous studies,^[12](#CIT0012),[17](#CIT0017),[27](#CIT0027)^ we observed that most immunoglobulin cysteines have a small probability (\~2%) of having a free sulfhydryl. The cysteines least likely to have a free sulfhydryl are those involved in interchain disulfide bonds. More widespread use of commercially available standards such as NIST mAb and SigmaMAb when reporting free sulfhydryl abundances would enable better comparison of different methods for free sulfhydryl analysis. The creation of a library of benchmarked free sulfhydryl measurements for biotherapeutic proteins would increase understanding of the typical prevalence of free sulfhydryls in immunoglobulins and designs and processing processes that affect free sulfhydryl abundance.

In the course of development of this method, several commonly held assumptions regarding maleimide-cysteine chemistry were found to not be universally true. Maleimides are generally held to specifically and permanently label cysteine residues at pH 6.5--7.5 and not react with TCEP.^[30](#CIT0030)^ However, in early experiments, a very high level of maleimide-protein labeling was sometimes observed, even at acidic pH (pH 6.4) or for proteins not containing any cysteine residues (data not shown). The investigation led to the identification of lysine-maleimide labeling, which has been reported previously.^[34](#CIT0034)^ Lysine labeling was effectively prevented by carefully controlling the ratio of maleimide to protein during the labeling stage, maintaining an acidic pH and incubating at room temperature. Maleimide labeling proved to be effective and fast (\<15 minutes to complete labeling) at pH 5.5. At mildly basic conditions (pH 8 and 37°C), maleimide exchange and maleimide hydrolysis were observed. Maleimide exchange (also called the retro-Michael reaction) and maleimide hydrolysis have been noted previously under physiological pH and excess thiols,^[35](#CIT0035),[36](#CIT0036)^ but the reported t~1/2~ for N-ethylmaleimide exchange and hydrolysis at pH 7.4 were very long (400 and 220 h, respectively).^[36](#CIT0036)^ However, the findings from this experiment indicate that maleimide exchange and hydrolysis is very sensitive to even mildly basic buffer conditions commonly used during protein digestion, and a neutral or acidic pH must be maintained to avoid these processes. Care must also be taken when using TCEP as a reducing agent, which, despite claims in some literature to the contrary, does react with maleimides^[37](#CIT0037)^ and must be accounted for when titrating maleimide reagent for complete labeling of cysteine in the presence of TCEP. Evidence was also observed in this study for some loss of maleimide label attached to protein during reduction with TCEP. While minor, this phenomenon merits further exploration.

The aim of this study was to develop sensitive and reliable MS assays to support the under-developed field of free sulfhydryl detection and measurement. Free sulfhydryls have been correlated with affinity, stability, and aggregation issues in biotherapeutic proteins.^[3](#CIT0003)--[7](#CIT0007)^ This workflow enables the detection of protein biologic candidates with potentially problematic free sulfhydryls early in the development cycle when amounts of available protein are insufficient for traditional assays. It complements existing disulfide-bond mapping assays to build a more complete picture of the role of cysteines in proteins. As interest in cysteine-based antibody-drug conjugates increases and new biotherapeutics designs are introduced, this LC-MS workflow can be used to answer key questions about the status of individual cysteine residues.

Material and methods {#S0004}
====================

Test proteins {#S0004-S2001}
-------------

Four protein standards were used in the development of this assay: SILu™Lite SigmaMAb Universal Antibody Standard human (Sigma-Aldrich, Cat\# MSQC4), NISTmAb Humanized IgG1κ Monoclonal Antibody (National Institute of Standards and Technology, Reference Material 8671, Lot 14HB-D-001), Intact mAb Mass Check Standard (Waters, Cat\# 186006552), β-Lactoglobulin A from bovine milk (Sigma, Cat\# L7880).

Labeling of intact protein free sulfhydryls with maleimide-PEG~2~-biotin {#S0004-S2002}
------------------------------------------------------------------------

Proteins were deglycosylated (if necessary) with PNGaseF (Sigma-Aldrich, Cat\# F8435), then buffer exchanged into 6 M guanidine hydrochloride, 100 mM sodium acetate pH 5.5 using Amicon® Ultra-0.5 10 KDa cut-off centrifugal filters (Sigma-Aldrich, Cat\# UFC5010), to a final protein concentration of 0.5 mg/mL. A 15 mg/mL EZ-Link maleimide-PEG~2~-biotin stock (Thermo Scientific, Cat\# 21901BID) was prepared in dimethyl sulfoxide (DMSO) and diluted to 3 mg/mL with 100 mM sodium acetate pH 5.5 immediately prior to use. Proteins were labeled with a 150x molar excess of maleimide-PEG~2~-biotin to protein at room temperature for 1 h. To remove excess maleimide, proteins were buffer exchanged again into 6 M guanidine hydrochloride, 100 mM sodium acetate pH 5.5, using the same centrifugal filters. A portion of each labeled protein was reduced into constituent chains with 5 mM TCEP (Thermo Scientific, Cat\# 77720) at 37°C for 15 min. To check intermediate precision of the assay, the test proteins were labeled in triplicate over three different days.

LC-MS analysis of intact and reduced proteins {#S0004-S2003}
---------------------------------------------

Labeled protein, with and without reduction, as well as unlabeled controls, were analyzed on an Agilent 1100 series high performance liquid chromatography instrument (Agilent, California) equipped with a POROS™ R2 10 µm, 2.1 × 30 mm column (Thermo Scientific, Cat\# 1111212) coupled to a LTQ-Orbitrap XL mass spectrometer equipped with an electrospray ionization source (Thermo Scientific, Massachusetts). The mobile phase A was 0.1% formic acid in ddH~2~O, and the mobile phase B was acetonitrile. The flow rate was 3 mL/min, and the column temperature was maintained at approximately 80°C. Approximately 5 µg of protein was injected. Intact antibodies were eluted with a linear gradient of 20% to 90% mobile phase B over 3 min, while reduced antibodies and small proteins (β-lactoglobulin A) were eluted with a linear gradient of 10% to 75% mobile phase B over 3 min. LC effluent was split to 100 µL/min to the LTQ-Orbitrap XL. MS analysis of intact proteins was done in positive electrospray ionization mode and using appropriate tune files for analysis of large or small intact proteins. Data was deconvoluted using the MaxEnt1 algorithm available through MassLynx software (Waters, Massachusetts).

Differential labeling with N-ethylmaleimide and protein digestion {#S0004-S2004}
-----------------------------------------------------------------

Proteins were deglycosylated (if necessary) with PNGaseF; then, buffer exchanged into 6 M guanidine hydrochloride, 100 mM sodium acetate pH 5.5 using Amicon® Ultra-0.5 10 KDa cut-off centrifugal filters, to a final protein concentration of 0.5 mg/mL. A 25 mg/mL non-deuterated N-ethylmaleimide stock (Sigma-Aldrich, Cat\# E3876) was prepared in DMSO and diluted to 3 mg/mL with 100 mM sodium acetate pH 5.5 immediately prior to use. Proteins were labeled with a 150x molar excess of N-ethylmaleimide to protein at room temperature for 30 min. To remove excess N-ethylmaleimide, proteins were buffer exchanged into 6 M guanidine hydrochloride, 100 mM sodium acetate pH 5.5 using the same centrifugal filters. Protein was treated with 5 mM TCEP (Thermo Scientific, Cat\# 77720) at 37°C for 15 min to reduce all disulfide bonds. A 25 mg/mL d~5~-N-Ethylmaleimide stock (CDN Isotopes, Cat\# D6141) was prepared in DMSO. Reduced cysteines were labeled with a 150x molar excess of d~5~-N-ethylmaleimide at room temperature for 30 min. To remove excess d~5~-N-ethylmaleimide, proteins were buffer exchanged into 6 M guanidine hydrochloride, 100 mM sodium acetate pH 5.5 to a final protein concentration of 1.0 mg/mL. Protein solution was diluted sixfold with 100 mM Tris-HCl pH 7.0 to reduce the Guanidine-HCl concentration to \~1 M and to raise the pH to \~7.0. Protein was digested overnight at 37°C with 1:10 sequencing grade modified trypsin (Promega, Cat\# V511C). To check intermediate precision, the test proteins were labeled and digested in triplicate over three different days. Control digests were prepared concurrently that underwent all steps described above except for labeling of free sulfhydryls with non-deuterated N-ethylmaleimide.

nanoLC-MS analysis of NEM-labeled peptides {#S0004-S2005}
------------------------------------------

Peptide digests were analyzed on a LTQ-Orbitrap XL mass spectrometer equipped with an electrospray ionization source (Thermo Scientific, Massachusetts) connected to a nanoACQUITY UPLC (Waters, Massachusetts). Approximately 2 pmol of digested protein was injected (or sufficient to acquire a strong MS signal). Reverse phase chromatography was performed on a nanoACQUITY BEH 1.7 µm 100 µm × 100 mm C18 column (Waters, Cat\# 186003546) with a C18 PepMap100 5 µm trap (Thermo Scientific, Cat\# 160454). Mobile phase A was 0.1% formic acid in ddH~2~O, and mobile phase B was 0.1% formic acid in acetonitrile. Peptides were eluted over a linear gradient of 0.2% to 40% mobile phase B over 45 min, 40% to 95% mobile phase B over 4 min, with a flow rate of 0.5 µL/min. MS spectra were acquired from 400 to 2000 m/z in positive electrospray ionization mode at 60 K resolution. Top three most intense ions from each scan were selected for enhanced CID MS/MS in the ion trap with dynamic exclusion (20 s) using the following settings: isolation width  =  3.0, activation Q  =  0.250, activation time  =  30 ms, and normalized collision energy  =  35.0.

Data analysis of peptide results {#S0004-S2006}
--------------------------------

CID data was converted to mzXML using Msconvert from the ProteoWizard package with the following parameters: -- mzXML −32 -- filter 'peakPicking true \[2,3\]'. MGF files (\*.mgf) were generated from the mzXML file using MzXML2Search from the Trans Proteomics Pipeline project and searched with Mascot (Matrix Science, Massachusetts) against a database containing the test protein sequences with the following parameters: enzyme = trypsin; modifications = oxidation (M, variable), NEM:2H(5) (C, variable); peptide tolerance = 1.5 Da; fragment tolerance = 1.2 Da. Peptides were subsequently filtered to remove peptides with a Mascot score \<35 and a delta mass \>10 ppm following correction for systemic mass error based on the median ppm value of high scoring peptides (score \>60). Using this information, a list of identified d~5~-NEM labeled peptides and the calculated d~0~-NEM labeled peptides (same retention time as d~5~-NEM labeled peptides, but mass 5.0433 Da less) was prepared and these peptides were quantified based on the peak area of the MS signal intensity in both control and test samples using MatchRx (in-house software).^[38](#CIT0038)^ To maximize signal, the M and M + 1 isotopic peaks were quantified for 1+ and 2+ ions, the M + 1 and M + 2 isotopic peaks were quantified for 3+ ions, and the M + 2 and M + 3 isotopic peaks were quantified for 4+ or greater ions. The percentage of d~0~-NEM and d~5~-NEM labeling observed for each peptide was calculated.

To limit false positives due to co-eluting peaks, the intensity results for a peptide were omitted if, in the d~5~-NEM-only control, there was a signal at the d~0~-NEM labeled peptide m/z that was \>2% the signal at the equivalent d~5~-NEM labeled peptide m/z. Peptides with a weak MS signal, where the intensity of d~0~-NEM labeled peptide + d~5~-NEM labeled peptide was less than a selected value (\~20 x the limit of detection), were also omitted. The average percentage of d~0~-NEM labeling for each site was calculated.

Cayman Thiol detection assay kit {#S0004-S2007}
--------------------------------

The Thiol Detection Assay Kit was used according to the kit instructions (Cayman Chemical, Cat\# 700340). Standard curves spanning 0 nM to 1000 nM were prepared using N-acetyl-L-cysteine (Sigma-Aldrich, Cat\# A7250) and β-Lactoglobulin A from bovine milk (Sigma, Cat\# L7880). Guanidine-HCl was added to the 1x Thiol Assay Buffer to a final buffer composition of 4 M guanidine-HCl, 100 mM potassium phosphate, 1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4. The concentration of the protein samples was adjusted to 400 nM (\~12 μg in 200 μL) with degassed 1x Thiol Assay Buffer + 4 M guanidine-HCl so that the expected free sulfhydryl concentration would be between 15 and 1000 nM. After addition of the proprietary thiol detector, fluorescence was read with an Infinite M200 Pro variable wavelength fluorescence detector (TECAN, Männerdorf, Switzerland) using an excitation wavelength of 385 nm and an emission wavelength of 515 nm.

NPM-labeling fluorescence assay {#S0004-S2008}
-------------------------------

The NPM-labeling fluorescence assay was carried out following the method described previously.^[10](#CIT0010)^ Standard curves spanning 0 nM to 20 µM were prepared for N-acetyl-L-cysteine (Sigma-Aldrich, Cat\# A7250), β-Lactoglobulin A from bovine milk (Sigma, Cat\# L7880) and BSA (Sigma-Aldrich, Cat\# A3059) in degassed 6 M Guanidine-HCl, phosphate-buffered saline (PBS) pH 7.4. The concentration of the protein samples was adjusted to 8 μM (\~170 μg mAb in 150 μL) with degassed 6 M Guanidine-HCl, PBS pH 7.4 so that the expected free sulfhydryl concentration would be between 0.6 and 20 μM. A 0.5 mM NPM (Sigma-Aldrich, Cat\# P7908) solution was prepared in DMSO. Ten microliters of 0.5 mM NPM was incubated with 50 µL standard or sample in a black half-area 96-well plate (Corning) at room temperature for 2 h. The incubation was halted by the addition of 10 µL 100 mM HCl. For one replicate of each standard curve, 8 µL of 10 mg/mL pepsin in ddH~2~O (Sigma-Aldrich, Cat\# P7012) was added to each well and incubated at room temperature for 30 min. Fluorescence was read with an Infinite M200 Pro variable wavelength fluorescence detector (TECAN, Männerdorf, Switzerland) using an excitation wavelength of 330 nm and an emission wavelength of 376 nm.

Free sulfhydryl colorimetric assay {#S0004-S2009}
----------------------------------

The Thiol and Sulfide Quantification Kit (Molecular Probes, Cat\# T-6060) was used according to the kit instructions with some modifications. Briefly, a L-cysteine standard curve spanning 0 µM to 2.0 µM final concentration was prepared in degassed 5 mM sodium acetate, 50 mM NaCl, 0.5 mM EDTA, pH 4.7. Sufficient amounts of lyophilized protein (28.75 μg SigmaMAb, 232.54 μg Waters mAb, 232.54 μg NIST mAb, 7.35 μg β-Lactoglobulin) were dissolved in 20 μL degassed 6 M guanidine-HCl, 100 mM sodium acetate pH 5.5 so that the expected free sulfhydryl concentration in the final dilution would be between 0.5 and 2 μM. To 20 µL of each standard or sample, added 20 µL of 4 mM cystamine, 90 µL of 1.2 mg/mL papain-SSCH3, and 90 µL of 40 mM sodium phosphate, 2 mM EDTA, pH 7.6, then incubated at room temperature for 1 h. Added 180 µL of 4.9 mM L-BAPNA in 50 mM bis-Tris, 1mM EDTA, pH 6.3 to each standard or sample then incubated at room temperature. The absorbance of each sample and standard was measured at 410 nm using a GENESYS™20 visible spectrophotometer (Thermo Scientific, Massachusetts) 50 and 102 min after the addition of L-BAPNA.
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